Introduction
In recent years, mode-locked erbium doped fiber (EDF) lasers have been well developed as femtosecond pulse sources at high repetition rates and optical frequency combs in near infrared region [1] [2] [3] . The main advantage of using EDF is its more than 30-nm gain bandwidth that covers third telecommunication window.
The mode synchronization can be distinguished into two techniques, active and passive one. Active mode-locking requires the use of a modulator (AM or FM) placed in a laser cavity with modulation frequency equal to free spectral range of mode spacing or its integer multiplication. Even though the produced pulses are relatively wide (typically in the order of a few picoseconds) this technique is very effective when repetition rate at GHz level is required. Passively mode-locked EDF lasers work typically with a repetition rate equal to mode spacing. Generated pulses can be even shorter than 100 fs. Saturable absorbers are typically used in passive mode-locking of laser diodes and solid state lasers [4] . Two main methods of passive modes synchronization in fiber lasers are based on a nonlinear amplifying loop mirror (NALM) [5] and a nonlinear polarization rotation (NPR) effect. In this paper we present our investigations of passive mode-locking effect in the ring erbium doped fiber laser due to nonlinear polarization rotation [5] [6] [7] .
Nonlinear polarization rotation (NPR)
Pulse propagation in a fiber is described by a nonlinear Schrödinger equation (NLSE) which can be extended into two coupled-mode equations using polarization components as follows [7] 
The terms on the left side of the above equations represent the dispersion â 2 and the losses á, the terms on the right side come from the nonlinearity ã and the modal birefringence of a fiber (Äâ = 2ð/L B , L B is the beat length). The first term on the right side results in self phase modulation (SPM) and cross phase modulation (XPM). The second term on the right is responsible for the four-wave mixing. If we simplify Eqs. (1) and (2) by neglecting dispersion, losses, and four-wave mixing we can calculate polarization components as follows
where P x and P y are the optical powers propagating in a fiber, ö x and ö y are the phases of two polarization components which can be solved by using
If the light with the power P 0 is launched into a fiber and its polarization is linear at the angle è from one axis, the relative phase shift between two polarization components is given by 
As we can see, a relative phase shift depends on launched power which can lead to nonlinear polarization rotation. If the linearly polarized pulse is launched into a fiber, every part of the pulse has the same polarization angle. When it propagates along the fiber, the polarization angle is changing because of relative phase shift between parallel and perpendicular components. Since Äö is proportional to the intensity, the central part of the pulse experiences polarization changes higher than pulse slopes. The same situation happens when a light beam is elliptically polarized and the azimuth of the polarization ellipse experiences intensity dependent changes (Fig. 1 ).
Laser configuration
Configuration of a mode-locked laser based on a NPR effect is shown in Fig. 2 . Polarization controllers (PC1, PC2) and polarizer play main role in this setup. PC2 changes linear polarization into elliptical one. When a pulse propagates along a laser cavity, polarization state evolves. PC1 changes elliptical polarization back into linear one. A polarizer is set in such a way that it passes through only the central part of pulses and it dumps their slopes.
Our recent experiments have shown that most critical part of this setup is a cavity length. On the one hand we should make it as short as possible because of dispersion that broadens the pulses. But on the other hand it has to be long enough to observe polarization rotation. If the laser cavity is too short, the azimuth of the polarization ellipse will be the same for the pulse centre as well as for the slope and polarizer will not make a pulse shorter. Too long cavity is also not acceptable because an effect of shortening caused by NPR becomes too small to compensate broadening caused by dispersion. Stable mode-locking is observed when a cavity length is selected carefully to balance dispersion and nonlinear effects.
In order to find the proper length of the laser we decided to make simulations of pulse propagation inside the cavity. The simulator block diagram is shown in Fig. 3 . Simulation begins when an initial pulse appears in the cavity. Each iteration starts with a polarization controller that sets polarization angle of the pulse (PC2 in laser configuration). It is followed by the dispersion shifted fiber (DSF), the output coupler (90:10), and the erbium-doped fiber, respectively. Each iteration ends with the polarizer that introduces polarization dependent losses. Fibers used in our experiments (EDF and DSF) are described by several param- Fig. 1 . Intensity dependent evolution of elliptical polarization state during pulse propagation in a fiber. eters that are shown in Table 1 . The gain bandwidth and the gain saturation were also taken into consideration for EDF. The idea of these simulations was to observe what happens with the initial pulse when it propagates inside a laser cavity. The length of a dispersion shifted fiber and the angles of a polarizer and PC2 were being changed and pulse evolution was observed. Figure 4 shows simulation results (initial pulse has hyperbolic secant shape) when a dispersion-shifted fiber was too short or too long. The first case is shown when DSF length was 10 meters [ Fig. 4(a) ]. The initial pulse is amplified first, but then it is broadened and weakened due to dispersion and losses. The second case is shown in Fig. 4(b) . In that case, DSF was too long (80 m) and the pulse narrowing due to nonlinear polarization rotation was not able to compensate broadening caused by dispersion. Figure 5 shows what happens with the initial pulse when the length of the DSF is proper (40 m in this case). No matter if the initial pulse shape is hyperbolic secant or Gaussian, it evolves into exactly the same steady state solution. Evolution of a pulse width and its peak intensity is shown in Fig. 6 .
Unfortunately, simulations cannot give true answer what should be the length of the DSF because used parameters (Table 1) can only be estimated or assumed. But in spite of this fact, they have shown that changing the length of additional DSF would be a good optimization technique of a laser configuration.
In the presented laser configuration (Fig. 2) , additional non-zero dispersion shifted fiber was used to increase a cavity length. Four-meter long erbium doped fiber (1200 ppm) was used as a gain section. It was pumped by 110-mW laser diode (980 nm). The isolator inside the cavity guaranteed one directional operation. The signal from 10% port of the output coupler was detected with a pin photodiode. The total cavity length was (17 + X) m, where X is DSF length. Extra length of DSF was inserted inside the cavity in order to find the widest spectrum of the optical comb operation. We started with 100-m long DSF and then cutting it at every a few meters, the spectral width of the optical comb was measured to find out the best conditions. Figure 7 shows how a spectral width was changing with a DSF length. The widest spectrum was observed for 70-meter long DSF. Total cavity length was approximately 87 meters which corresponds to 2.366 MHz repetition rate. Total output power was -0.51 dBm. The measured bandwidth was 32.4 nm. Figure 8 shows normalized output spectra for three chosen DSF lengths (the widest observed spectrum 32.4 nm for 70-m long DSF, then 17.4 nm and 22.1-nm wide spectra observed for 86-and 51-meter long DSF, respectively). Although autocorrelation measurements were not performed, more than 32-nm bandwidth corresponds with approximately less than 100-fs pulses.
Experimental results
Adjustment of the polarizer and the polarization controllers made possible to observe soliton pulses. Figure 9 Opto-Electron. Rev., 16, no. shows a laser spectrum of soliton with characteristic Kelly sidebands. It was also possible to increase pulse repetition. Careful adjustment of the polarizer enabled to increase repetition rate twice and even four times. Figure 10 shows the oscillograms of pulses with approximately 5-and 10-MHz repetition.
Conclusions
In this paper we investigated nonlinear polarization rotation technique of mode-locking. We presented the passively mode-locked fiber ring laser. The procedure of its configuration optimization is described. Simulations of pulse propagation inside the laser cavity are applied in order to confirm the optimisation technique. More than 32-nm bandwidth was observed, which corresponds to approximately less than 100-fs pulses. Soliton pulses were also obtained. Repetition rate of the laser was 2.366 MHz but by careful adjustment of the polarizer we observed the pulses with two and four times higher repetition.
